The syntheses of 10 new RNA 2′-O-modifications, their incorporation into oligonucleotides, and an evaluation of their properties such as RNA affinity and nuclease resistance relevant to antisense activity are presented. All modifications combined with the natural phosphate backbone lead to significant gains in terms of the stability of hybridization to RNA relative to the first-generation DNA phosphorothioates (PS-DNA). The nuclease resistance afforded in particular by the 2′-O-modifications carrying a positive charge surpasses that of PS-DNA. However, small electronegative 2′-O-substituents, while enhancing the RNA affinity, do not sufficiently protect against degradation by nucleases. Similarly, oligonucleotides containing 3′-terminal residues modified with the relatively large 2′-O-[2-(benzyloxy)ethyl] substituent are rapidly degraded by exonucleases, proving wrong the assumption that steric bulk will generally improve protection against nuclease digestion. To analyze the factors that contribute to the enhanced RNA affinity and nuclease resistance we determined crystal structures of self-complementary A-form DNA decamer duplexes containing single 2′-O-modified thymidines per strand. Conformational preorganization of substituents, favorable electrostatic interactions between substituent and sugar-phosphate backbone, and a stable water structure in the vicinity of the 2′-O-modification all appear to contribute to the improved RNA affinity. Close association of positively charged substituents and phosphate groups was observed in the structures with modifications that protect most effectively against nucleases. The promising properties exhibited by some of the analyzed 2′-O-modifications may warrant a more detailed evaluation of their potential for in vivo antisense applications. Chemical modification of RNA can also be expected to significantly improve the efficacy of small interfering RNAs (siRNA). Therefore, the 2′-O-modifications introduced here may benefit the development of RNAi therapeutics.
The search for nucleic acid analogues with optimal properties for potential applications as antisense therapeutics has prompted the synthesis and biochemical characterization of hundreds of modifications over the past decade (1) . The first-generation phosphorothioate oligodeoxynucleotides (PS-DNA) offer a number of advantages, such as ease of synthesis, nuclease resistance sufficient for parenteral administration, activation of RNase H for clearing the target RNA, and sufficiently large binding to cellular and serum proteins for uptake, absorption, and distribution (2) . However, PS-DNAs also revealed limitations with regard to their use as antisense therapeutics because of their relatively low binding affinity to RNA (ca. 1°C < DNA per modified nucleotide), the inhibition of RNase H at high concentration, and their nonspecific binding to proteins. Moreover, PS-DNAs do not penetrate the blood-brain barrier and they show poor oral bioavailability (3) .
Among the potential sites for chemical modification available in DNA the 2′-position is particularly attractive. Substitution of the 2′-hydrogen in the ribo configuration with an electronegative moiety locks the pentofuranose in a C3′endo conformation (the structure preferred by the RNA target strand) due to the gauche effect between O4′ and the 2′-substituents ( Figure 1) (4) . Modification with 2′-O-alkyl substituents improves RNA affinity and leads to enhanced nuclease resistance (5, 6) . The latter is directly correlated with the length of the alkyl chain, whereas the correlation between substituent length and RNA affinity is inverse. The relatively short 2′-O- [2-(methoxy) ethyl] modification (MOE) confers increased RNA affinity (∆T m ca. 2°C/modification relative to PS-DNA) and nuclease resistance (similar to PS-DNA) (7) (8) (9) (10) . Using an in situ single-pass rat intestinal perfusion model, 2′-O-modified oligonucleotides exhibited 2.5-to 10-fold increased permeability (11) . X-ray crystal structures of an all-modified 2′-O-MOE modified dodecamer duplex and A-form DNA decamer duplex carrying single 2′-O-MOE modifications per strand pointed to conformational preorganization and substituent hydration as potential reasons for the higher stability of 2′-O-MOE-RNA:RNA compared to PS-DNA:RNA duplexes (12, 13) . Moreover, the lower toxicity of 2′-O-MOE RNA relative to PS-DNA may be a consequence of the lower affinity of the former modification for serum proteins, in part due to the extensive hydration of the 2′-substituent.
Another ribose modification, 2′-O-(3-aminopropyl) (2′-O-AP) RNA, shows superb nuclease resistance even in combination with a phosphodiester (PO) backbone (14) . A crystallographic analysis of 2′-O-AP-modified oligonucleotides bound at the active site of an exonuclease revealed displacement of a catalytically important metal cation by the positively charged aminopropyl substituent (15) . The 2′-O-{2- [2- (N,N-dimethylamino)ethoxy]ethyl} (2′-O-DMAEOE) modification merges the high RNA affinity of the 2′-O-MOE with the superior nuclease resistance of the 2′-O-AP modification (16) . A further analogue, the sulfur equivalent of 2′-O-MOE, the 2′-O- [2-(methylthio) ethyl] (2′-O-MTE) modification, was found to exhibit improved binding to serum proteins but had relatively limited resistance to degradation by nucleases (17) .
In order to potentially identify further 2′-O-modified nucleic acid analogues with interesting properties for antisense applications and to better understand the relation between RNA affinity and nuclease resistance of an analogue and the conformation and hydration of the 2′-substituent, we conducted a comprehensive analysis of 10 2′-O-modified analogues. Here, we report the chemical synthesis, RNA affinity, resistance to exonuclease degradation, and crystal structure of these modifications. The investigated 2′-Osubstituents include short aliphatic (propyl, butyl), electronegative (fluoro-and trifluoroethyl, allyl, propargyl), bulky (methyleneaminooxyethyl), aromatic (benzyloxyethyl), and charged (dimethylaminooxyethyl, imidazolylethyl) moieties 1 (Figure 2 ). The crystallographic analyses at high resolution (<1.8 Å except for one structure) demonstrate that confor-mational preorganization ("gauche effect"), hydration, and electronegativity of the substituent are the major determinants of the increased RNA affinity of the 2′-O-modifications relative to both DNA and RNA. By comparison, charge effects and hydration but not necessarily bulkiness of the substituent appear to be chiefly at the origin of the high nuclease resistance of certain 2′-O-modified analogues that exceed that of PS-DNA in some instances. (2) . Borane in tetrahydrofuran (1.0 M, 1.5 equiv, 30 mL) was added to a 100 mL unstirred pressure reactor. 2-Methoxyethanol (25 mL) was added cautiously to allow the evolution of hydrogen gas in a controlled manner. 2,2′-Anhydro-5-methyluridine 1 (5.0 g, 20 mmol) and sodium bicarbonate (10 mg) were added with manual stirring. The reaction mixture was added into a stainless steel pressure reactor and sealed. The sealed pressure reactor was placed in an oil bath at 150°C (pressure <100 psig) for 16 h. The steel bomb was cooled to ambient temperature, opened, and assayed, and the reaction was found to be complete. The excess 2-methoxyethanol was removed under reduced pressure, and the residue was coevaporated with methanol (3 × 30 mL). The residue was triturated with ether (100 mL) to form a gum. After stirring overnight, the gum broke up into a solid. The solid was collected by filtration, washed with ether (20 mL), and dried. The crude product was purified by flash silica gel column chromatography and eluted with CH 2 Cl 2 containing incremental amount (5% to 10%) of methanol to yield 2 (3.95 g, 60% yield) as a white, hygroscopic solid. 1 2′-O-(n-Butyl)-5-methyluridine (3). Compound 3 (7.59 g, 58% yield) was synthesized from borane in tetrahydrofuran (1.0 M, 83 mL), n-butanol (54 g, 728 mmol), 2,2′-anhydro-5-methyluridine 1 (10.0 g, 41.65 mmol), and sodium bicarbonate (80 mg) at 160°C in a 2 L unstirred bomb for 18 h using a procedure similar to that used for the synthesis of 2. MS (AP-ES): m/z calculated for C 14 2′-O-(2-Fluoroethyl)-5-methyluridine (4) . Borane in tetrahydrofuran (1.0 M, 1.5 equiv, 30 mL) was added to a 100 mL unstirred pressure reactor. 2-Fluoroethanol (25 mL) was added cautiously to allow the evolution of hydrogen gas in a controlled manner. 2,2′-Anhydro-5-methyluridine 1 (5.0 g, 20 mmol) and sodium bicarbonate (10 mg) were added with manual stirring. The reaction mixture was transferred into a steel bomb sealed and placed in an oil bath at 150°C (pressure <100 psig) for 16 h. The vessel was cooled to ambient temperature, opened, and assayed, and the reaction was found to be complete. The excess 2-fluoroethanol was removed under reduced pressure, and the residue was coevaporated with methanol (3 × 30 mL). The residue was triturated with ether (100 mL) to form a gum. After stirring overnight, the gum broke up into a solid. The solid was collected by filtration, washed with ether (20 mL), and dried to yield 4 (4.11 g, 65%) as a white, hygroscopic solid. The crude product obtained was used for the next step without purification. MS (AP-ES): m/z calculated for C 12 2′-O-(2-Trifluoroethyl)-5-methyluridine (5) . Compound 5 (12.1 g, 28%) was synthesized from 2,2′-anhydro-5-methyluridine 1 (30.0 g, 0.12 mol) using a procedure similar to that used for the synthesis of 4. Borane in tetrahydrofuran (1.0 M, 2.0 equiv, 250 mL), 2-(trifluoro)ethanol (150 mL), and sodium bicarbonate (40 mg) were also used at 160°C in a 2 L unstirred steel bomb for 18 h. One-third of the starting 2,2′-anhydro-5-methyluridine material remained unreacted. The excess 2-(trifluoro)ethanol was removed under reduced pressure, and the residue obtained was dissolved in a minimum amount of ethyl acetate-methanol (8:2), loaded onto a flash silica gel column chromatography, and eluted with ethyl acetate. 1 2′-O-Allyl-5-methyluridine (6) . In a 1 L stainless steel pressure reactor, allyl alcohol (200 mL) was slowly added to a solution of borane in tetrahydrofuran (1 M, 100 mL, 100 mmol) with stirring. Hydrogen gas rapidly evolved. Once the rate of bubbling subsided, 2,2′-anhydro-5-methyluridine (10.00 g, 41.63 mmol) and sodium bicarbonate (60 mg) were added and the bomb was sealed. The reactor was placed in an oil bath and heated at 170°C internal temperature for 18 h. The bomb was cooled to room temperature and opened. The solvent was removed under reduced pressure to yield an oil. The oil thus obtained was coevaporated with methanol (50 mL), boiling water (15 mL), and absolute ethanol (2 × 25 mL). The residue obtained was purified by flash silica gel column chromatography and eluted with 5-10% methanol in dichloromethane to yield 6 (6.84 g, 55%). MS (AP-ES): m/z calculated for C 13 2′-O-Propargyl-5-methyluridine (7) . Compound 7 (14.4 g, 41% yield, white foam) was synthesized from borane in tetrahydrofuran (1.0 M, 2.0 equiv, 250 mL), propargyl alcohol (200 mL), 2,2′-anhydro-5-methyluridine (30.0 g, 120 mmol), and sodium bicarbonate (40 mg) in an oil bath at 160°C in a stainless steel pressure reactor for 18 h using a procedure similar to that used for 4. The residue obtained after workup was dissolved in methanol, adsorbed on silica gel, loaded onto a flash silica gel column, and eluted with a gradient of methanol in ethyl acetate (0-10%). 1 2′-O-(2-Benzyloxyethyl)-5-methyluridine (8) . Compound 8 (4.50 g, 55% yield) was synthesized from borane in tetrahydrofuran (1.0 M, 2.0 equiv, 42 mL), 2-(benzyloxy)ethanol (25 mL), 2,2′-anhydro-5-methyluridine 1 (5.0 g, 21.00 mmol), and sodium bicarbonate (10 mg) using a procedure similar to that described for compound 4. 1 2′-O-(2-(Imidazol-1-yl)ethyl)-5-methyluridine (9) . Compound 9 (2.48 g, 35% yield) was synthesized from borane in tetrahydrofuran (1.0 M, 2.0 equiv, 42 mL), 2-(imidazol-1-yl)ethanol (20 g, 178.48 mmol), 2,2′-anhydro-5-methyluridine (5.0 g, 21.00 mmol), and sodium bicarbonate (10 mg) using a procedure similar to that described for compound 4. MS (AP-ES): m/z calculated for C 15 (10) . Compound 2 (3.5 g, 11.07 mmol) was coevaporated with pyridine (2 × 20 mL), and the residue obtained was dissolved in anhydrous pyridine (50 mL). 4,4′-Dimethoxytrityl chloride (4.88 g, 14.39 mmol) was added in one portion, and the solution was stirred at ambient temperature under argon for 6 h. The reaction was quenched with methanol (2 mL), and solvent was removed under reduced pressure. The residue was partitioned between ethyl acetate (200 mL) and saturated aqueous sodium bicarbonate (100 mL). The organic phase was separated and evaporated under reduced pressure to yield an oil. The oil was then purified by flash silica gel column chromatography and eluted with ethyl acetate/hexane/triethylamine, 79:20:1, to yield 10 (5.48 g, 80% yield) as a white foam. 1 5′-O-(4,4′-Dimethoxytrityl)-2′-O-(n-butyl)-5-methyluridine (11) . Compound 11 (11.67 g, 85% yield) was synthesized from 3 (7.00 g, 22.27 mmol), 4,4′-dimethoxytrityl chloride (9.05 g, 26.72 mmol), and 150 mL of anhydrous pyridine with stirring of the reaction mixture for 8 h using a procedure similar to that used for the synthesis of 14. MS (AP-ES): m/z calculated for C 35 (12) . Compound 4 (5 g, 16.43 mmol) was coevaporated with pyridine (2 × 20 mL), and the residue obtained was dissolved in anhydrous pyridine (40 mL). 4,4′-Dimethoxytrityl chloride (7.0 g, 20.66 mmol) was added in one portion, and the solution was stirred at ambient temperature under argon for 1 h. The reaction was quenched with methanol (5 mL), and solvent was removed under reduced pressure. The residue was partitioned between ethyl acetate (200 mL) and saturated aqueous sodium bicarbonate (100 mL). The organic phase was separated and evaporated under reduced pressure to yield an oil. The oil was then purified by flash silica gel column chromatography and eluted with ethyl acetate/hexane/triethylamine, 79:20:1, to yield 12 (4.9 g, 49%) as a white foam. 1 (13) . Compound 5 (14.56 g, 42.81 mmol) was coevaporated with pyridine (2 × 100 mL), and the residue obtained was dissolved in anhydrous pyridine (100 mL). 4,4′-Dimethoxytrityl chloride (DMTCl, 15.96 g, 47.10 mmol) was added, and the reaction mixture was stirred under argon at room temperature for 16 h. TLC indicated an incomplete reaction. An additional 10 g of DMTCl was added and stirring continued for an additional 1 h. The reaction was quenched with methanol (25 mL), and solvent was removed under reduced pressure. The residue was partitioned between ethyl acetate (500 mL) and saturated aqueous sodium bicarbonate (300 mL). The organic phase was separated and concentrated under reduced pressure to yield an oil. The oil was then purified by flash silica gel column chromatography and eluted first with ethyl acetate/hexane/triethylamine (79: 20:1) and then with 5% of MeOH in CH 2 Cl 2 to yield 13 (17.56 g, 61%). 1 5′-O-(4,4′-Dimethoxytrityl)-2′-O-allyl-5-methyluridine (14) . Compound 6 (1.2 g, 4.02 mmol) was coevaporated with anhydrous pyridine (30 mL). The residue obtained was dissolved in anhydrous pyridine (30 mL). 4,4′-Dimethoxytrityl chloride (1.7 g, 5.0 mmol) was added, and the reaction mixture was stirred for 4 h. The reaction was quenched with methanol (5 mL), and solvent was removed under reduced pressure. The residue obtained was partitioned between saturated sodium bicarbonate solution (50 mL) and ethyl acetate (50 mL). The organic phase was separated, dried over anhydrous Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by flash silica gel column chromatography and eluted with hexane/ethyl acetate/triethylamine (50:49:1 to 60:39:1) to yield 14 (0.84 g, 34%). 1 (15) . Compound 15 (18.0 g, 81% yield) was synthesized from 7 (11.4 g, 39.0 mmol), 4,4′-dimethoxytrityl chloride (15.62 g, 46.10 mmol), and 100 mL of anhydrous pyridine with stirring of the reaction mixture for 16 h using a procedure similar to that used for the synthesis of 14. MS (AP-ES): m/z calculated for C 34 (16) . From compound 8 (2.8 g, 7.13 mmol), 4,4′dimethoxytrityl chloride (2.9 g, 8.56 mmol), and 20 mL of pyridine and with stirring of the reaction mixture for 2.5 h, compound 16 (3.22 g, 65% yield) was synthesized using a procedure similar to that used for the synthesis of 14. 1 5′ (17) . From compound 9 (2.20 g, 6.46 mmol), 4,4′-dimethoxytrityl chloride (2.63 g, 7.75 mmol), and 45 mL of pyridine and with stirring for 4 h, compound 17 (2.53 g, 60% yield) was synthesized using the a procedure similar to that used for the synthesis of 14. MS (AP-ES): m/z calculated for C 36 Synthesis of 3′-Phosphoramidites 18-25. The nucleosides 10-17 were coevaporated with anhydrous acetonitrile (3 × 10 mL g -1 ) and then dissolved in anhydrous dichloromethane (10 mL g -1 ). Diisopropylamino tetrazolide (0.3 molar equiv) was added followed by 2-cyanoethyl-N,N,N′,N′-tetraisopropylphosphorodiamidite (1.2 molar equiv). The reaction mixture was stirred under an argon atmosphere until the reaction was completed as monitored by thin-layer chromatography (TLC). The reaction mixture was washed with saturated aqueous sodium bicarbonate (20 mL g -1 ) and brine (20 mL g -1 ) and the organic phase separated and dried over anhydrous sodium sulfate and concentrated to yield a foam. The foam was redissolved in a minimum amount of dichloromethane, loaded onto a flash silica gel column (10-20 g g -1 ), and eluted with ethyl acetate (40-100%) in hexanes containing 1% triethylamine. The fractions containing the products were pooled together, and solvent was removed under reduced pressure to yield phosphoramidites as foam. (18) . Following the general synthetic procedure for phosphoramidite synthesis (vide supra), the nucleoside 10 (3.0 g, 4.85 mmol) was converted to 18 (3.30 g, 83% yield). 31 (19) .
MATERIALS AND METHODS

2′-O-(2-Methoxyethyl)-5-methyluridine
Following the general synthetic procedure for phosphoramidite synthesis (vide supra), nucleoside 11 (8.0 g, 12.97 mmol) was converted to 19 (9.11 g, 86% yield). 31 (20) . Following the general synthetic procedure for phosphoramidite synthesis (vide supra), nucleoside 12 (3.0 g, 4.95 mmol) was converted to 20 (3.0 g, 78% yield). 31 (21) . Nucleoside 13 (10.00 g, 15.56 mmol) was converted to compound 21 (9.48 g, 71% yield) using the general synthetic procedure for phosphoramidites (vide supra). 31 2′ (22) . Following the general synthetic method for phosphoramidite synthesis (vide supra), compound 22 (3.2 g, 80% yield) was synthesized from 14 (3 g, 4.99 mmol).
2′ (23) . Following the general method, compound 15 (4 g, 6.68 mmol) was converted into compound 23 (2.8 g, 53%). 31 (24) . Following the general method, compound 16 (3.3 g 4.75 mmol) was converted into compound 24 (4.24 g, 92%). 31 (25) . Following the general method, compound 17 (2.2 g, 3.36 mmol) was converted into compound 25 (1.72 g, 60%). 31 Oligonucleotide Synthesis, Purification, and Characterization. All oligonucleotides were synthesized on functionalized controlled pore glass (CPG) on an automated solid phase DNA synthesizer using 0.1 M solution of the modified amidite 18-25 in anhydrous acetonitrile. The solid support functionalized with modified nucleosides 10-17 was used for the synthesis of oligonucleotides with 3′-modified residues. For incorporation of A, G, C, and T residues standard phosphoramidites with exocyclic amino groups protected with benzoyl group (for A and C) and isobutyryl group (for G) were used. For incorporation of modified residues, phosphoramidite solutions were delivered in two portions, each followed by a 5 min coupling wait time.
Oxidation of the internucleotide phosphite to phosphate was carried out using a 10% tert-BuOOH:acetonitrile:H 2 O (10: 87:3) with 10 min waiting time or I 2 /pyridine/water. All other steps in the protocol supplied by the manufacturer were used without modification. The coupling efficiencies were >97%. After completion of the synthesis, the solid supports were suspended in aqueous ammonia (28-30 wt %, 2 mL for 2 µmol) at room temperature for 2 h to cleave the oligonucleotide from the solid support. The solid support was filtered off; the filtrate was then heated at 55°C for 6 h to effect the complete removal of the base-labile protecting groups. Crude oligonucleotides were purified by high performance liquid chromatography (HPLC, C-4, Waters, 7.8 × 300 mm, A ) 50 mM triethylammonium acetate (TEAAc), pH ) 7, B ) acetonitrile, 5% to 60% B in 55 min, flow 2.5 mL min -1 , λ ) 260 nm). The fractions containing full-length oligonucleotides were pooled together, and the pH of the solution was adjusted to 3.8 with acetic acid and the solution kept at room temperature until detritylation was complete (monitored by HPLC analysis). The detritylated oligonucleotides were desalted by HPLC on a Waters C-4 column to yield the 2′modified oligonucleotides. Oligonucleotides were characterized by ESMS (see Table S1 of the Supporting Information), and purities were assessed by HPLC and capillary gel electrophoresis (CGE).
Determination of RNA Affinity. Absorbance versus temperature curves were measured at 260 nm using a Gilford Response II spectrophotometer interfaced to a PC. The buffer contained 100 mM Na + , 10 mM phosphate, 0.1 mM EDTA, pH 7. Oligonucleotide concentration was 4 µM; the concentration of each strand was determined from the absorbance at 85°C, and extinction coefficients were calculated according to Puglisi and Tinoco (18) . Each T m reported is the average of two experiments ( Table 1 ). The ∆T m per modification was calculated by subtracting the T m of the unmodified DNA-RNA parent duplex from that of the duplex between RNA and modified strand and dividing by the number of modified residues in the sequence.
Nuclease Stability Analysis. The nuclease stability of the 2′-O-modified oligonucleotides was evaluated using snake venom phosphodiesterase as described previously (Figure 3 and Table S2 , Supporting Information) (19) .
Crystallization and Data Collection and Processing. The stock solutions of all chemically modified decamers of sequence 5′-d(GCGTAT*ACGC) (T* is the 2′-O-modified residue) were adjusted to concentrations of between 1 and 2 mM. Crystallizations were performed in hanging drops using the vapor diffusion technique. The commercially available Nucleic Acid Mini Screen (20) (Hampton Research, Aliso Viejo, CA) was used to establish crystallization conditions. Droplets containing oligonucleotide and buffer in 1:1 and 1:2 ratios were equilibrated against 0.5 mL of 35% (v/v) MPD. For seven of the modified decamers crystals obtained directly from the initial screen were used for structural analyses. In many cases several of the screened conditions resulted in crystals but only those that turned out to diffract to high resolution were used for further analysis. Crystals of the TFE decamer were grown using condition 5 (droplet composition: 10% MPD; 40 mM sodium cacodylate pH 6.0; 12 mM spermine tetra-HCl; 80 mM potassium chloride; 20 mM magnesium chloride). Crystals of the ALY, PRG, and PRL decamers were grown using condition 6 (10% MPD; 40 mM sodium cacodylate pH 6.0; 12 mM spermine tetra-HCl, 80 mM potassium chloride). The DMAOE and IME decamers were crystallized form conditions 8 (10% MPD; 40 mM sodium cacodylate pH 6.0; 12 mM spermine tetra-HCl; 80 mM sodium chloride) and 9 (10% MPD; 40 mM sodium cacodylate pH 6.0; 12 mM spermine tetra-HCl; 80 mM sodium chloride; 12 mM potassium chloride; 20 mM magnesium chloride), respectively. The BOE and FET decamers were crystallized form conditions 13 (10% MPD; 40 mM sodium cacodylate pH 6.0; 12 mM spermine tetra-HCl; 80 mM strontium chloride) and 17 (10% MPD; 40 mM sodium cacodylate pH 7.0; 12 mM spermine tetra-HCl; 80 mM sodium chloride), respectively. Improved crystals of the FET decamer that were subsequently used for structure determination were obtained from droplets containing 1 mM oligonucleotide, 20 mM sodium cacodylate pH 6.0, 3 mM spermine tetra-HCl, and 10 mM calcium chloride. Crystals for the MAOE decamer were obtained from droplets containing 1 mM oligonucleotide, 20 mM sodium cacodylate pH 6.3, 2 mM spermine tetra-HCl, and 5 mM barium chloride. Crystals for the BTL decamer grew in the presence of 20 mM sodium cacodylate pH 6.3, 25% PEG 400, and either 150 mM magnesium or strontium chloride. Unlike the crystals of the other decamers containing 2′-O-modified residues that are all orthorhombic, BTL crystals exhibit tetragonal symmetry (Table 2) .
For data collection, crystals were mounted in nylon loops and frozen in liquid nitrogen. All diffraction experiments except those with BTL crystals were carried out in-house on a Rigaku R-AXIS IIc image plate system, mounted on a rotating anode X-ray generator. Various detector crystal distances, oscillation angles, and exposure times were used, but in general low-and high-resolution data were collected separately. Data for crystals of the BTL-modified decamer were collected on the 5-ID beam line of the Dupont-Northwestern-Dow Collaborative Access Team at the Advanced Photon Source (Argonne, IL). All data were integrated and merged with the DENZO and SCALEPACK programs, respectively (21) , and selected data statistics are listed in Table 2 .
Structure Determination and Refinement. The structures of all decamers are isomorphous to those with single 2′-Omodified thymidines studied earlier (13) . The coordinates of the 2′-O-MOE-modified A-form DNA duplex structure minus the 2′-O-substituents and solvent molecules served as an initial model for rigid body refinement at medium resolution using the program CNS (22), followed by simulated annealing and inclusion of reflection data to full resolution. In all cases, 10% randomly chosen reflections were set aside for calculating R-free (23) . Numerous rounds of positional and individual B-factor refinement cycles were then carried out, followed by addition of water molecules and metal ions and spermine molecules in structures where the latter were present. Sum (2F o -F c ) and difference (F o -F c ) Fourier electron density maps were displayed with the program TURBO FRODO (24) and revealed the two 2′-O-substituents per decamer duplex in all structures. Subsequently, CNS dictionary files were updated and refinement was continued until convergence of the R-work and R-free parameters was reached. The structure of the 2′-O-BTLmodified decamer duplex was determined by molecular replacement [AMoRe (25)] and refined with the program REFMAC (26) . A summary of selected refinement parameters is given in Table 2 .
RESULTS AND DISCUSSION
Synthesis of 2′-O-Modified Nucleosides and Oligonucleotides.
We have designed and synthesized several novel 2′-O-modified oligonucleotides (see Figure 2 for the structures and abbreviated names of the individual modifications). The modifications were designed to evaluate the effect of substituents at the 2′-position with varying chemistries and conformations on thermal stability as well as nuclease stability of oligonucleotides. The crystal structures of these Table  1 ) (12, 13, 19) . It is interesting to note that modifications with the possibility of extended gauche effects such as in 2′-O-MOE (Figure 2 Table 1 ). The exception is constituted by 2′-O-BOE (H, Table 1 ), which despite an oxygen atom in the side chain did not show an enhancement in T m similar to that shown by modifications A, D, E, I, J, and K. The T m enhancement (0.5 to 0.8°C per modification) observed with 2′-O-BOE is similar to those of 2′-O-alkyl substituents. However, it is surprising that substitution at the 2′-position did not have an adverse effect on binding affinity, considering that bulky 2′-O-substituents could cause steric hindrance in the RNA-antisense oligomer duplex formed.
Exonuclease Stability. The exonuclease stability of the 2′modified oligonucleotide O was evaluated using the snake venom phosphodiesterase (SVPD) assay (19) (Figure 3 ). The modifications in O were placed at the 3′-end, and all internucleosidic linkages were phosphodiesters. The products of digestion at different time intervals were analyzed by PAGE and quantified using a phosphorimager. Figure 3 shows the comparative nuclease resistance of these modified oligonucleotides. A strong correlation between the stability of modified oligonucleotides and the nature of the modification was observed. Oligonucleotides with 2′-O-IME and 2′-O-DMAOE modifications exhibited exceptional stability (t 1/2 >24 h, Table S2 ) whereas the 2′-O-PRG-modified oligonucleotide was the least stable (t 1/2 0.3, Table S2 ). The t 1/2 of the oligonucleotides with 2′-O-PRL (6.5 h), 2′-O-TFE (6 h), and 2′-O-MAOE (7.6 h) modifications were comparable. Oligonucleotides with 2′-O-BOE modification were degraded much more rapidly (t 1/2 3.5 h, Table S2 ). The order of nuclease stability of modifications was 2′-O-IME > 2′-
The Crystallographic data for complexes between DNA polymerase I Klenow fragment exonuclease and 2′-O-AP-modified oligodeoxynucleotides revealed that the additional protection afforded by positively charged sugar substituents is partly based on the ability of the positively charged moiety to displace a divalent metal ion required for exonuclease activity at the enzyme active site (15) .
It is noteworthy that the 2′-O-BOE modification does not provide significant protection against nucleases and in fact is less effective than the relatively short 2′-O-alkyl substituents. These findings argue against the dogma that bulky substituents commonly lead to higher nuclease resistance. Thus, the 2′-O-BOE modification represents an exception in terms of its effects on both RNA affinity and nuclease resistance; oligonucleotides containing 2′-O-BOE-modified residues exhibit higher RNA affinity than expected but yield only minor protection against exonuclease degradation considering the steric bulk.
Crystal Structure Determination and Structure-Stability Correlations. In order to gain insight into the conformational properties of the 2′-O-substituents and to potentially rationalize the observed differences in the thermal stability of duplexes between modified oligonucleotides and RNA as well as the different stabilities to nucleases exhibited by oligonucleotides carrying 2′-O-modified residues at their 3′ends, we undertook detailed crystallographic studies. Decamers P [d(GCGTAT*ACGC), T* ) 2′-O-modified-5-methyluridine] were synthesized and their crystal structures determined at high resolution. The self-complementary sequence d(GCGTATACGC) produces crystals of poor quality and low-resolution diffraction pattern that are consistent with adoption of a B-form DNA duplex (29) . However, incorporation of single RNA or 2′-O-modified RNA residues at various locations produces crystals that diffract to high resolution, and the chimeric decamers then assume an A-form conformation (29) (30) . Thus a single ribonucleotide within an oligodeoxynucleotide can convert the duplex conformation from the B-form to the A-form (31) . The conformational change may be aided by crystal packing forces and is most likely sequence-dependent. The above decamer sequence was selected as a template for investigating the structural properties of the 2′-O-substituents both because of the good resolution of the resulting crystal structures and because its geometry can be expected to resemble that of the duplex resulting from pairing between 2′-O-modified oligonucleotides and RNA.
Decamers d(GCGTAT*ACGC) containing a single 2′-Omodified T* nucleoside typically crystallize in an orthorhombic lattice with space group P2 1 2 1 2 1 ( Table 2 ). Therefore, the two duplex strands are not related by symmetry and each structure yields the conformation of two independent 2′-O-modified residues. The 2′-O-BTL-modified decamer constitutes an exception because crystals have tetragonal symmetry, rendering the two duplex strands identical. The numbering of residues in the duplexes is 1 to 10 for strand 1 and 11 to 20 for strand 2; the 2′-O-modified residues are T*6 and T*16. All structures were determined by molecular replacement and were refined with the program CNS (22) except for the BTL decamer, whose structure was refined with the program REFMAC (26) . Selected crystal data, data collection, and refinement parameters for all 10 crystal structures are summarized in Table 2 . Examples of the quality of the final electron density are depicted in Figure 4 . In every structure except that of the BTL decamer, both 2′-Osubstituents were completely visible in electron density maps. Only three of the four carbon atoms of the 2′-O-BTL substituent were observed, and the terminal methyl group appears to be disordered.
Atomic Figure 2 ). This is further complicated by the observation (based on the local electron density; Figure 4B ) that the dehydration step with some of the material appears not to have proceeded to completion, resulting in the formation of a substituent that is extended by a hydroxyl group relative to MAOE (O2′-CH 2 -CH 2 -O-NH-CH 2 -OH; Figure 5J ). Thus, the electron density probably represents a composite of the AOE, MAOE, and hydroxy-MAOE substituents.
Stereodiagrams for each of the 2′-O-modified base pair steps (A5pT*6):(A15pT*16) in the decamer duplexes are depicted in Figure 5 . Short 2′-O-substituents (PRL, BTL, FET, TFE, ALY, and PRG) project away from the duplex at the border of the minor groove, whereas the longer ones show a tendency to fold back on the duplex and associate with backbone or base atoms. A feature shared among all 20 2′-O-modified riboses is the antiperiplanar (ap) conformation of the C3′-C2′-O2′-CA′ torsion angle (substituent atoms are labeled CA′, CB′, C/O/FC′, etc.). This was first observed in the crystal structure of a 2′-O-methyl-modified duplex (33) and is also a staple of 2′-O-MOE-modified riboses (12, 13) (Figure 5a ). Such a conformation prevents potentially unfavorable interactions between sugar and substituent as seen in the case of the crystal structure of a duplex containing 2′-O-ethoxymethylene (2′-O-EOM) moieties, where the local backbone geometry was altered and stacking reduced as a result of an anticlincal (ac-) conformation of the C3′-C2′-O2′-CA′ torsion in the EOM-modified thymidine (13) . In all 2′-O-substituents with electronegative outer atoms (O, MOE, BOE, DMAOE, MAOE, IMI; and F, FET, TFE) or moieties (double bond, ALY) that are separated by an ethyl linker from O2′, the torsion angles around the C-C bond adopt synclinal (sc+ or sc-) conformations. Thus, the conformational preorganization as a result of the gauche effect between O2′ and electron-withdrawing atoms or moieties in the substituents is clearly borne out by the structural data.
Another recurring feature of 2′-O-modified residues in the structures of the decamers is a water molecule that is trapped between O2′ and O3′ and, where possible, engages in an additional interaction to the outer acceptor or donor atoms of some of the substituents (a CdC double bond in the case of ALY) ( Figure 5 ). In 2′-O-MOE modified nucleosides, this mode of hydration was found throughout a fully modified MOE-RNA dodecamer duplex, with water molecules in hydrogen-bonding distance from OC′, O2, and O3′ ( Figure  5A ). Thanks to the availability of a diverse set of 2′-Omodified structures, it now appears that the basic motif involves only the 2′-and 3′-oxygen atoms from the ribose. Thus, the position of the water molecule is practically conserved also with 2′-O-PRL-and 2′-O-BTL-modified residues (Figures 5B,C) . However, closer inspection of the water structure propagating from the water molecule coordinated to O2′ and O3′ indicates that acceptor or donor atoms, such as those present in the DMAOE ( Figure 5I ) or MAOE ( Figure 5J ) substituents, appear to promote a more extensive solvent network. In some cases, waters link 2′-O-substituent and 3′-phosphate group (12) (data not shown). Creation of a stable water structure beyond the hydration usually associated with the phosphate backbones or edges of nucleo-bases in the grooves can be expected to account for at least a part of the increased gains in RNA affinity observed for the DMAOE and IME modifications compared to the more simple alkyl (PRL and BTL) and ALY substituents. For example, DMAOE substituents are oriented at the periphery of the minor groove in such a way that their N,N-(dimethyl)ammonium moieties can be bridged by a trio of water molecules ( Figure 5I ). In addition, DMAOE substituents engage in water-mediated contacts to base atoms in the minor groove (not shown).
In the structure of the decamer duplex with 2′-O-BOE modifications, both substituents are fully ordered and the observed similar conformations are consistent with the surprisingly high increase in T m afforded by the 2′-O-BOE modification. Thus, the phenyl ring is located above the backbone and points toward the 3′-end of the strand (Figure 5H). The distances between the C5′ and C4′ atoms from the adjacent adenosine and the phenyl ring along the normal to the ring plane are about 3.9 Å ( Figure 6 ). Thus, in oligonucleotides with consecutive 2′-O-BOE modifications (M and N, Table 1 ), one would not expect steric crowding of the minor groove by 2′-O-BOE substituents from residues located on opposite strands or unfavorable interactions between substituents from adjacent thymidines in the same strand. Hence, the somewhat surprising gains in RNA affinity observed for 2′-O-BOE-modified oligonucleotides.
Interestingly, in the majority of cases, the other longer 2′-O-substituents (DMAOE, MAOE, and IME) are also directed toward the 3′-termini of strands ( Figures 5, 6 ). For residue T*6 in the 2′-O-IME-modified duplex two orientations of the substituent were observed (Figures 5K, 6 ). In about half the molecules in the crystal, the substituent is pointing toward the 3′-terminus of the strand, and in the other half, it is directed toward the 5′-terminus. In the structure of the 2′-O-DMAOE-modified duplex, only one of the substituents snakes along the backbone, whereas the other is directed into the minor groove ( Figures 5I, 6 ). The preference for the substituent's alignment relative to the direction of the strand may in part be due to lattice interactions. In the orthorhombic crystals, terminal base pairs of two different duplexes stack into the minor groove at opposite ends of a third duplex (29) . Although the central portion of the minor groove is devoid of close contacts between adjacent duplexes, the outer atoms of longer 2′-O-substituents will get to lie in close proximity of the sugar-phosphate backbone from a symmetry-related duplex (Figure 7 ). An analysis of potential steric clashes between substituents and neighboring duplexes provides a rationale for the preferred mode of alignment of BOE, DMAOE, MAOE, and IME substituents discussed above. The exceptions seen for one of the DMAOE and IME substituents are most likely due to the fact that both are carrying a positive charge. Potentially unfavorable interactions due to limited space between 2′-O-substituent and backbone atoms from a neighboring duplex may become attractive as a result of the positive charge on the substituent. A clear indication of the effects of charge is seen in the somewhat tighter stacking between the imidazolyl moiety of IME and the C4′ and C5′ backbone atoms from the adjacent residue below (ca. 3.6 Å) compared to the situation in the structure of the 2′-O-BOE-modified duplex (vide supra; Figure 6 ).
The higher nuclease resistances afforded by the IME and DMAOE modifications are most likely also a direct consequence of the positive charge. Both 2′-O-substituents engage in water-meditated interactions with the 3′-phosphate group. A stable solvent network combined with shielding of the phosphate group by the positively charged moiety of the substituent should provide protection against nuclease degradation. Apparently, this is much more effective than the addition of steric bulk to the backbone as evidenced by the surprisingly efficient degradation of an oligonucleotide modified with 2′-O-BOE-Ts at the 3′-end by an exonuclease (Figure 3 ). In the crystal structure, the phenyl moiety of 2′-O-BOE substituents is relatively far removed from the phosphate groups of adjacent intrastrand residues. By comparison, imidazoyl rings of 2′-O-IME substituents and phosphate groups are more closely spaced, with one of the rings for residue T*6 practically sitting above the 3′phosphate (N + ‚‚‚ -OP ) 4.1 Å). Judging from the crystallographic data, 2′-O-substituents such as PRL, FET, ALY, and particularly PRG are too short and too far removed from the phosphate group to significantly affect binding and processing by exonucleases. The observed preference of longer 2′-O-substituents to align themselves with the sugar-phosphate backbone such that they are directed toward the 3′-terminus may be influenced by packing (see left-hand side of diagram). A portion of the backbone from a neighboring duplex can be seen crossing the reference duplex (only the A5pT*6:A15pT*16 dimer is shown). A third duplex that associates with the strand of the reference duplex on the right in a similar fashion has been omitted for clarity. Orientations of longer 2′-O-substituents such that they would point toward the 5′-terminus of the modified strand may generate unfavorable interactions with symmetry mates. Color code: yellow (PRG), red (ALY), cyan (PRL), and blue (FET). Water molecules trapped between substituent and sugar are shown as spheres.
CONCLUSIONS
We have analyzed the RNA hybridization, nuclease resistance, and crystal structures of oligonucleotides containing a series of 2′-O-modifications. In all cases, modification increases the RNA affinity relative to DNA. The stability increases observed with longer and in some cases positively charged 2′-O-substituents slightly exceed those seen with shorter and highly electronegative 2′-O-substituents. Factors that account for the somewhat higher stability afforded by charged substituents are close proximity between the positive moiety and the 3′-phosphate group of the modified residue, and water-mediated interactions between substituent atoms and phosphates and/or base functionalities. Consecutively placed substituents in a strand can also be expected to stabilize a network of water molecules in the minor groove that is absent in native DNA or RNA. This view is supported by the observation in the structure that 2′-O-DMAOE substituents from opposite strands can be bridged by a chain of water molecules at the periphery of the minor groove.
Substituents carrying a positive charge such as DMAOE and IME or atoms in the outer region that can act as hydrogen bonding donors or acceptors (i.e. MAOE or MOE) also furnish better protection against nuclease degradation than the smaller aliphatic substituents (PRL) or those featuring electron-withdrawing atoms (FET, TFE) or moieties (ALY, PRG). The crystal structures demonstrate that the IME and DMAOE substituents can shield the neighboring phosphate group via water-mediated and "stacking" interactions (IME). The BOE substituent represents an exception both in terms of the unexpectedly high RNA affinity and low nuclease resistance observed with this modification. Structural data are consistent with a well-ordered benzyl moiety that stacks against the C4′-C5′ bond of the residue 3′-adjacent to the 2′-O-modified thymidine. Conformational preorganization and electrostatic interactions with backbone atoms can account for the favorable hybridization properties exhibited by 2′-O-BOE-modified oligonucleotides. The low resistance to exonucleases of 2′-O-BOE-modified oligonucleotides goes against the assumption that steric bulk will necessarily lead to better protection. In the crystal structure, the benzyl moiety is not in the close vicinity of the phosphate group. Conversely, the highly protective IME modification is closely associated with the adjacent phosphate group, providing electrostatic and steric obstacles for the exonuclease and potentially interfering with metal-ion binding at the active site of the enzyme (15) .
Although the 2′-O-modifications analyzed here were originally designed for further in vivo pharmacokinetic and biodistribution evaluations in potential antisense therapeutics, we would like to emphasize that the favorable hybridization properties and nuclease resistances exhibited by some of them may warrant more detailed tests regarding their use in chemically modified small interfering RNAs (siRNAs). RNA interference (RNAi) experiments using chemically modified siRNAs have only been conducted to a limited extent, and relatively few modifications have been evaluated in vitro or in vivo to date (reviewed in ref 34) . Given the fact that the 2′-fluoro (35) and, more recently, the 2′-O-methyl modification in combination with cholesterol conjugation in an in vivo application (36) have shown increased activity in silencing of genes via RNAi, 2′-O-modifications with promising properties regarding RNA affinity and nuclease protection that we have analyzed here may well proceed to more detailed trials in the context of RNAi.
SUPPORTING INFORMATION AVAILABLE
Mass spectral analysis of 2′-O-modified oligonucleotides (Table S1 ) and exonuclease stability of 2′-O-modified oligonucleotide phosphodiesters (Table S2 ). This material is available free of charge via the Internet at http:// pubs.acs.org.
